Purpose: To determine the distribution of Zernike coefficients and higher order aberrations in a normal population and its relationship with age, gender, biometric components, and spherical equivalent. Methods: During the first phase of the Shahroud cohort study, 6311 people of the 40-64-year-old population of Shahroud city were selected through random cluster sampling. A subsample of participants was examined with Zywave aberrometer (The Bausch & Lomb, Rochester, NY) to measure aberrations. Measurements of aberrations were done before cycloplegic refraction, and values generated from a minimum pupil diameter of 5 mm were reported in this analysis. Results: After applying exclusion criteria, 904 eyes of 577 people were analyzed in this study and mean age in this study was 49.5 ± 5.7 years and 62.9% were female. Mean root-mean-square (RMS) of the thirdÀ, fourthÀ, and fifth-order aberrations was 0. , and spherical aberration (Z 4 0 ) in the studied population was 0.137 mm (95% CI:0.129e0.145), 0.132 mm (95% CI: 0.123e0.140), and À0.161 mm (95%CI:À0.174 to À0.147), respectively. Mean higher-order Zernike RMS in this study was 0.306 (95% CI: 0.295e0.318) micrometer, and in the multiple model, it significantly correlated with older age and short axial length. The highest amounts of higher-order RMS were observed in hyperopes, and the smallest in emmetropes. Increased nuclear opacity was associated with a significant increase in HO RMS ( p < 0.001). Analysis of Zernike coefficients demonstrated that spherical aberration (Z 4 0 ) significantly correlated with nuclear cataract only (age-adjusted Coef ¼ 0.37 and p ¼ 0.012). Conclusion: This report is the first to describe the distribution of higher-order aberrations in an Iranian population. Higher-order aberrations in this study were on average higher that those reported in previous studies.
Introduction
Higher-order aberrations (HOAs), one of the important subjects in the science of vision and optics, received very little attention before 2000. However, advances in diagnostic and therapeutic methods in recent years have brought them to the attention of ophthalmologists and optometrists.
1,2 As we know, HOAs are part of the refractive errors which are not correctable with sphere and cylinder corrections. They are also among errors of the optical system of the eye which can deteriorate the quality of the retinal image. 3, 4 Since HOAs can impact visual performance and contrast sensitivity, they are considered important indices in the field of quality of vision and deserve attention. 5e7 In addition, today, attention to HOAs after laser refractive surgery has become one of the important issues in the assessment of the quality of laser refractive methods. 6,8e10 Implantation of intraocular lenses has caused many studies to demonstrate changes in HOAs after surgery. 11e13 There has been more attention to HOAs among cataract patients and myopes compared to other ocular conditions. 14e16 The decision to correct HOAs or not is a challenging one for which no definite answer has been found. Therefore, knowledge of the distribution of these errors in the normal population can be helpful in more accurate corrections using novel techniques in refractive surgery or customized contact lenses. Knowledge of the normal values of HOAs in the normal population can also be helpful in early diagnosis of pathologic conditions such as keratoconus. To date, few studies have examined the distribution of HOAs in different races. 15,17e20 Cervino et al 21 and Lim et al 17 have shown the differences among some ethnic groups. Considering changes in HOAs in different ethnicities, describing their distribution and other components in different populations provides valuable information for each geographic region. Knowledge of the normal distribution of these values can be very useful for developing nomograms for refractive surgery. Previously, some studies described differences in ophthalmic indices such as corneal thickness, keratometry, anterior chamber depth, pupil diameter, corneal diameter, and even distribution of refractive errors in Iranian populations. 22e31 Nonetheless, no study has yet reported the distribution of HOAs in an Iranian population. The aim of this report is to determine the distribution of HOAs and their relationship with other components in a normal Iranian population. The results of this report can also be used as a baseline for the Middle East region. This report also studies the relationship between HOAs and variables of age, gender, ocular biometrics, and refractive errors.
Methods
The present report is part of the first phase of the Shahroud cohort study in which data was collected cross-sectionally. Details of the sampling strategy and methodology have been published elsewhere, and given here only in brief. 32 In this study, the 40-to 64-year-old citizens of Shahroud, a city in the north of Iran, were selected as the target population. 300 clusters were randomly selected in the city using multistage sampling. Clusters were selected proportionate to the population of the 9 health care centers of Shahroud. After selecting samples in each cluster, a total of 6311 people were invited to participate in the study. In light of time and cost considerations, some of the examinations were conducted for a subsample of participants. After enrollment and obtaining written informed consent, each participant had complete eye examinations at the study clinic, and their demographics and medical and ophthalmic history were recorded through interviews.
Examinations
Participants had various examinations including optometry tests, ophthalmic examinations, corneal imaging, and biometry. Optometry tests included vision test using the Log-MAR chart, as well as subjective, cycloplegic, and manifest refraction. Ophthalmic examinations were done in two stages before and after pupil dilation. Before dilation, slit lamp biomicroscopy and measurement of intraocular pressure was done. After pupil dilation, clinical lens opacities grading, assessment of vitreous opacities with the slit lamp, and retinal examinations using direct and indirect ophthalmoscopy was conducted. Measurement of HOAs in the subsample was also done before instilling cycloplegic drops. In these samples, the Zywave aberrometer (The Bausch & Lomb, Rochester, NY) was used to assess HOAs and Zernike indices. The accuracy of this device in measuring aberrations has been studied before. 33, 34 Those images without error by the device were included in this report. Fig. 1 illustrates a sample of the device output and HOA values.
To determine lens opacity, slit lamp examination was. An ophthalmologist conducted lens opacity grading with a slit lamp, and graded any nuclear, posterior subcapsular (PSC), and cortical opacity by making comparisons against standard photographs of the Lens Opacities Classification System III (LOCS III).
Exclusion criteria
Since certain aberrations tend to change as an effect of surgery, cases with any history of surgery were excluded. Cases with a pupil diameter less than 5.0 mm were also excluded from the analysis. The higher order aberrations were reported for 5 mm.
Statistical analysis
In this study, since the correlation between eyes was low in terms of root mean square (RMS) of HOAs (r ¼ 0.277), data from both eyes was used in the analysis. For descriptive values, the mean and 95% confidence intervals (CI) were determined. The correlation between the two eyes of each case was accounted for in calculating the standard deviation and 95% CIs. To examine relationships between Zernike coefficients and RMS of HOAs with variables of age, gender, spherical equivalent, axial length, corneal power, central corneal thickness, intraocular pressure, and different types of cataract, multiple Generalized Estimation Equation linear models were used.
Results
Of the 6311 people selected for this study, 5190 participated, and 1017 were selected as the subsample. Aberrations were measured in 749 people in the subsample group. After applying exclusion criteria, 904 eyes of 577 people were analyzed. The mean age in this group was 49.5 ± 5.7 years, and 62.9% were female.
In this study, we found a mean AL of 23.11 ± 0.82 (20.91e26.26) mm. The prevalence of nuclear, cortical and PSC cataract was 0.7%, 3.9% and 1.0%; respectively. Tables 1 and 2 summarize the mean and 95% CIs of the Zernike coefficients in all studied eyes in different age and gender groups. Fig. 2 also shows the distribution of Zernike coefficients in the studied population; third order aberrations Fig. 3 .
Zernike coefficients
The relationship between HOAs and variables of age, gender, spherical equivalent, axial length, central corneal thickness, corneal power, and intraocular pressure was studied using multiple Generalized Linear Model models. Results of this model are shown in Table 3 . As demonstrated in this table, in the studied relationships, spherical aberration (Z 4 0 ) decreased with age, correlated indirectly with spherical equivalent, mean corneal power, and central corneal thickness, and significantly increased with higher axial length.
In a multiple Generalized Linear model, the relationship of total RMS coma with the above variables showed that total RMS coma significantly increased with age (Coef ¼ 0.003 and p ¼ 0.042). The relationship of total RMS trefoil with the above variables showed that the mean total RMS trefoil was higher in men and had borderline significance (Coef ¼ 0.016 and p ¼ 0.620), and the mean Total RMS trefoil significantly increased with age (Coef ¼ 0.002 and p ¼ 0.013).
The relationship of the thirdÀ, fourthÀ, and fifth-order aberrations with the studied variables showed that in the multiple model, third-order aberration and aging (Coef ¼
Mean HOA indices (Zernike coefficients) in myopic, hyperopic, and emmetropic groups are presented in Table 4 . Mean spherical aberration (Z 4 0 ) and Z 4 2 were significantly higher among hyperopic cases, and Z 5 1 was lowest in hyperopes. Total RMS coma was also highest among hyperopes. As demonstrated in Table 4 , mean third-and fourth-order aberration were also significantly higher in hyperopic cases.
Higher order Zernike RMS and higher order Zernike RMS w/o Z 4 0
The mean higher-order Zernike RMS in this study was 0.306 (95% CI: 0.295e0.318) micrometer. As demonstrated in Table 2 , higher-order RMS significantly increased with age; higher-order RMS in the 40e44 year old group was 0.264 mm, which increased to 0.395 mm in the over 60 age group. Linear regression showed that every increase in age was significantly correlated with 0.007 mm increase in higher-order RMS ( p < 0.001). Mean higher-order RMS was not statistically significantly different between men and women ( p ¼ 0.705).
After higher-order RMS categorization, it was observed that 61.6% of the studied population had 0.3 or less higher- order RMS, 0.3 to 0.6 in 34.4%, 0.6 to 0.9 in 2.8%, 0.9 to 1.2 in 0.7%, and more than 1.2 mm in 0.5% of the studied population. Fig. 2 shows the distribution of higher-order RMS in the studied population by gender; the inter-gender difference in higher-order RMS was not statistically significant ( p ¼ 0.862).
In the linear regression multiple model, entering the variables of age, gender, spherical equivalent, axial length, central corneal thickness, corneal power, and intraocular pressure showed that older age (Coef ¼ 0.007 and p < 0.001) and shorter AL (Coef ¼ À0.019 and p ¼ 0.010) significantly correlated only with higher-order RMS. The highest amounts of higher-order RMS were seen in hyperopes, and the lowest amounts were seen in emmetropes. Generalized Linear Model test revealed that the mean higher-order RMS hyperopes was 0.079 mm higher than in emmetropes ( p < 0.001) and 0.054 mm higher than in myopes ( p ¼ 0.008). Fig. 4 shows the mean higher-order RMS by different types of lens opacity. Results of the Generalized Linear Model showed that higherorder RMS significantly increased with increased levels of nuclear cataract ( p < 0.001), and the higher-order RMS increase with increased levels of posterior sub capsular opacity was of borderline significance ( p ¼ 0.427). After adjusting for age and gender, the same results as the simple model were observed. Analysis of Zernike coefficients showed that spherical aberration (Z 4 0 ) significantly correlated only with nuclear cataract (age-adjusted Coef ¼ 0.370 and p ¼ 0.012), and after adjusting for age, the correlation between total RMS coma and cortical cataract showed borderline significance (Coef ¼ À0.045 and p ¼ 0.098).
Discussion
We report the distribution of HOAs and Zernike coefficients in an adult population in Iran. There are few similar studies that give a detailed description of these indices by gender, age, and refractive error groups. One of the major problems of a comparison with other studies is the use of different devices for determining aberrations and Zernike indices. Lack of equal pupil size in the measured eyes, different age distributions, various measuring devices, and different visual and refractive statuses of participants in each study necessitates that comparisons be made with caution. Results of 5 studies with different age groups are presented in Table 5 for a comparison with our results. As demonstrated, the mean absolute values of Zernike coefficients is higher in our study.
On the other hand, mean Zernike coefficients are expected to be lower in 2.5e5 mm pupil diameters. Since the pupil diameter in our study was 5 mm, this difference cannot be attributed to pupil diameter. A better explanation for this difference would be the age distribution of the studied sample. As presented in Table 5 , the mean age in our study was the highest, and older age is associated with increasing amounts of HOAs. Overall, comparison of third-to fifth-order order aberrations in this study indicated that they were higher than that of other studies, though they were still within normal ranges. Table 3 Associations between Zernike coefficients and age, Spherical equivalent (SE), axial length (AL), corneal power (CP), intraocular pressure (IOP), and central corneal thickness (CCT) in multiple Generalized Linear
Model. Coef ( p-value) However, In terms of RMS higher-order aberration, the average of this index in this study was 0.306 mm. Results of other studies are presented in Table 6 . Mean total HOA widely ranges from 0.554 mm in the Malaysian population to 0.23 mm in the Caucasian race (Table 6) .
Since every millimeter increase in pupil size can overestimate total HOA by 0.12 mm, it seems that our sample falls in the mid-range in terms of total higher-order RMS. The highest amount of total higher-order RMS is seen in the eastern Asian population, and the lowest amount in Americans.
Overall, in addition to age and measurement method, genetic and ethnic differences seems to be one of the important reasons for differences in aberrations. Lim and Fam 17 attributed this difference in eastern Asians to less corneal prolateness compared to other races. Prakash et al 35 demonstrated that the amount of aberrations in normal eyes of the Indian ethnicity was close to that in Caucasians but different from that in the Chinese. Overall, these ethnicity-related differences in the amount of aberrations must be considered in each population separately when developing nomograms for refractive surgery.
In this study, we observed that different orders of Zernike coefficients are affected by different factors. As demonstrated, age was the most important variable that correlated with some Zernike indices in the multiple model with RMS higher-order aberration. Several studies have documented the relationship between aberrations and age.
18,36e39 Amano et al 36 observed that coma, especially corneal coma, increased with age. This relationship and an increase in trefoil with age were also shown in our study. It seems that developing an imbalance between the aberrations of the anterior corneal surface and the interior eye may be responsible for the increase in ocular aberrations with age.
14 However, it must be noted that the important changes in the crystalline lens fibers and its thickening with aging cause the aberrations of the crystalline lens to increase, and even in eye diseases such as retinal diseases and cataract, they are important causes of increased age-related aberrations. Overall, other studies have shown increasing aberrations with age. 18,36e39 However, some studies also show a decrease in age-related aberrations up to the third decade due to the optical structure and emmetropization, and an increase in ocular aberrations after the third decade of life due to lens changes.
20,39
As we observed, hyperopes had the highest levels of aberrations. Although most studies state that myopes have more aberrations, 15, 20 overall, there are contrasting results in this regard. Kirwan et al 19 demonstrated that third-order aberrations were higher in myopia, and other studies showed higher levels of coma in myopes. 19, 40 Nonetheless, in some studies, there were no significant differences among different refractive groups in terms of aberrations. 41 Marcos observed a significant increase in corneal spherical aberrations at higher degrees of myopia in young people, but the intraocular spherical aberrations became more negative in these people due to the crystalline lens. 42 Llorente et al 43 reported that third-order aberrations (coma and trefoil) and total ocular spherical aberration were higher in young hyperopic eyes than young myopic eyes, while intraocular spherical aberration was not significantly different between these two groups. Studying 5 mm pupils in 675 adolescents, Philip et al 44 demonstrated more positive total spherical aberration in hyperopic eyes compared to myopic and emmetropic eyes, but there was no difference among the three groups in terms of corneal spherical aberrations. Results of this study are indicative of crystalline lens changes in hyperopes compared to emmetropes and myopes, and higher aberrations in these people are attributed to their lenses. Observing higher aberrations in our study appears to be in relation to the lens. The age group in our study was 40e64 years old, and hyperopia in this population is usually due to changes in the lens; therefore, these changes are associated with an increase in aberrations. Furthermore, total RMS coma constituted a larger proportion of HOAs in hyperopes. As we know, the angle kappa is larger in hyperopes compared to myopes and emmetropes, and a larger Table 6 Comparison of higher-order aberration in present study with other studies.
Location Age Device Pupil size Mean ± SD (micrometer) displacement of the pupilary axis from the visual axis is responsible for higher levels of coma among hyperopes. 44 Overall, since aberrations, especially higher orders of aberrations can negatively impact the quality of the retinal image, they can be associated with progression of refractive errors. 45 Based on our findings after adjusting for age and gender, increased nuclear opacity significantly correlated with increased RMS higher-order aberration. PSC opacity also correlated with RMS higher-order aberration with borderline level of significance. The relationships between different types of cataract and aberrations have previously been shown by Rocha et al 16 and Sachdev et al. 46 As demonstrated, spherical aberration and nuclear cataract significantly correlated in our study, which was reported by previous studies as well. 16, 46, 47 Other studies also showed a significant correlation between coma and cortical cataract while this correlation in our study showed borderline significance. Since the opacity appears in the center of the lens in nuclear cataract and does not allow simultaneous focus of peripheral and central rays, the appearance of spherical aberrations is not unexpected.
There were some limitations in this study. The most important limitation was that aberrations were assessed in 5 mm pupil diameter only. The assessment of aberration were done in a subsample of study.
This report is the first to describe the distribution of HOAs in an Iranian population. HOAs in this study were on average higher than those reported in previous studies, and this issue must be considered in diagnostic and therapeutic procedures. HOAs increase with aging and differ by refractive group.
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